To determine the effect of low protein intake on boar libido, semen characteristics, and plasma hormone concentrations, 20 crossbred boars ( 1 yr of age) were divided into 10 littermate pairs, and boars from within pairs were fed 44 g k g of BW.75 per day of either a low-protein diet (7% CP) or a control diet (16% CP) with the same energy content (3.41 Mcal of ME/kg). During the first 16 wk and from wk 19 to 23, semen was collected two times per week. During wk 17 and 18, boars were subdivided within dietary treatment and semen was collected either two or seven times per week. Blood samples were collected at 12-min intervals for 6 h before and 1 h after an intravenous injection of GnRH (375 ngkg of BW) during wk 24. All plasma samples were analyzed for LH and pooled samples were analyzed for estradiol-170 and testosterone. Boars with low protein intakes required more time to start ejaculation ( P = .11, wk 0 Key Words: Boars, Libido, through 7; P < .04, after wk 71, had a shorter duration of ejaculation ( P < .09, wk 19 through 231, and had reduced semen volumes ( P < .01, after wk 7 ) compared with boars on the control treatment. There was no interaction between dietary treatment and semen collection frequency ( P > .39) for any of the semen or libido measurements. Testosterone and LH concentrations were not affected by protein intake ( P > .5). However, concentration of estradiol-17P was greater in boars fed the control diet than in boars fed the low-protein diet (582 vs 202 pg/mL, respectively; P < .08). Estrogen concentrations in boars were negatively correlated with the time required for the boar to start ejaculating ( r 2 = .72). Boars with low protein intakes had reduced libido and semen volume. This reduction in libido and semen volume may be a result of a decrease in estradiol-170 concentration in circulation.
Introduction
Low protein intakes result in decreased sperm production or output in rats (Vawda and Mandlwana, 1990) and bulls (Rekwot et al., 1988) . Proteindeficient rats have a reduced hypothalamic content of search addressing the effect of protein intake on reproduction of adult breeding boars has been contradictory and has primarily focused on the effects of very high protein and(or) amino acid intakes on sperm production (Poppe et al., 1974; Kemp et al., 1988; Kim and Moon, 1990a,b) .
There are few data regarding the amino acid needs of boars to optimize reproductive performance. Although the NRC ( 1988) has published a list of specific amino acid requirements for the adult breeding boar, these requirements are the same as those for bred gilts and sows. The requirements were derived from data obtained with gestating gilts and sows, and it was assumed that the needs of boars did not differ significantly. There are no data that characterize the effects of a low-protein diet on boar reproduction or that assess which physiological factors are involved in the nutritional regulation of reproduction in the adult boar. Therefore, the objective of this research was to determine the effects of protein intake on libido, semen characteristics, and hormone profiles of adult boars.
Materials and Methods

Animals and Diets
Twenty Landrace x Large White boars ( 1 yr of age) were divided into 10 littermate pairs and boars from within pairs were fed 44 g k g of BW.75 per day of either a low-protein diet (7% CP) or a control diet (16% C P ) with the same energy content (3.41 Mcal of ME/kg). Boars were weighed weekly and the amount of feed given to each boar was adjusted as necessary. Littermate boars were assigned t o opposite dietary treatments. The boars had not bred sows before the experiment began.
The compositions of the two diets are shown in Table 1 . The control diet was diluted with cornstarch and silica sand to obtain a low-protein diet with a similar corn:soybean meal ratio (same amino acid profile) as the control diet. Vitamin, mineral, and fat concentrations of both diets were similar. From weaning to 50 kg of body weight, boars were fed diets that met or exceeded the nutrient requirements as established by the NRC (1988) . Boars were then fed the control diet until they were assigned to their dietary treatments. Feed samples were analyzed for GE, CP, DM, and Ca accordmg to the methods of AOAC (1990) .
During the 15th wk of the trial, energy and protein digestibilities (apparent) of the diets were determined by an indicator method (Lindahl, 1959) . Boars were fed diets containing .25% of Cr2O3 for 4 d and then feed and fecal samples were collected for the next 3 d. Samples were stored at -20°C. Fecal samples from each boar for the 3-d collection period were thawed, pooled, and dried. Feed and fecal samples were ground and analyzed for DM and CP according to AOAC (1990) methods. Gross energy of the feed and fecal samples was determined by adiabatic bomb calorimetry. After dry-ashing, Cr concentration was determined in both feed and fecal samples using atomic absorption spectroscopy with a reducing air plus acetylene flame (Varian model SpectrAA-30/40; Varian manual Analytical Methods for Flame Spectroscopy; Varian, Victoria, Australia).
From weaning until 300 d of age, boars were penned in groups and offered fenceline contact with postpubertal gilts. After d 300, boars were penned individually ( 3 . 1 m2 per boar) in pens with partially slatted floors. The boars were housed under continuous lighting and the mean temperature was maintained at 21°C.
Boars were trained to mount a collection dummy and to have their semen collected by the gloved-hand method (Sorensen, 1979) . Starting in August, 1990, semen was collected from the boars for a pretreatment period of 3 wk and then for the 23-wk period during which dietary treatments were administered. Semen was collected from each boar on Monday and Thursday during the first 16 wk of treatment. During the 17th and 18th wk, semen was collected daily from half of the boars selected at random on each dietary treatment, and the collection frequency continued at twice per week for the remaining boars. Thereafter, all boars were collected twice a week for 5 wk. One person made all the semen collections.
Each time semen was collected, libido was characterized by recording 1) the time from when the boar entered the collection area until it mounted the semen-collection dummy and started ejaculating and 2 ) the duration of ejaculation. Ejaculate volume was measured immediately after collection. The volume was measured again after straining the ejaculate through four layers of cotton-mesh gauze (11 x 9.5 threads per centimeter) to remove the gelatinous fraction.
Sperm motility was estimated subjectively by one person immediately after straining the ejaculate. A drop of semen was placed on a warmed microscope slide with a disposable Pasteur pipette and was observed under magnification ( 1 0 0~) of a light microscope. The progressive motility was estimated on a continuous scale of 0 to 100%.
From every 10th semen collection from each boar, sperm abnormalities were determined. Immediately after the evaluation of sperm motility, a drop of semen was placed on a warmed slide with a drop of RoseBengal staining solution (3% powdered Rose-Bengal stain, .4% Formalin, and 96.6% HzO). After mixing, a cover slip was positioned on the slide. For each slide, the morphology of 10 sperm cells in 10 different microscopic fields was classified by three people (the same three people for each slide) as described by Sorensen (1979) .
Sperm concentration of the strained portion of the ejaculate was determined by a photoelectric method as described by Young et al. (1960) . Total sperm output per ejaculate was determined by multiplying the sperm concentration by the strained semen volume. After the initial measurements, a 15-mL sample of the strained semen was stored at -20°C until later analysis.
Pooled seminal plasma samples from individual boars at wk 20 and 21 of the experiment were analyzed for free amino acids. A 5-mL portion of previously strained and stored semen was deproteinized by adding 150 mg of sulfosalicylic acid and centrifuging at 3,500 x g for 20 min. The deproteinized solution was filtered and amino acid concentrations were determined by ion-exchange chromatography (Waters, Milford, MA) and fluorimetric detection of o-phthalaldehyde derivatives.
Body weight, last rib backfat depth (measured ultrasonically; Renco, Minneapolis, MN), and width and length of the paired testes (measured with calipers) were recorded by the same person a t wk 0 and 18 of the study. The testes volume was calculated by using a spheroidal equation as described by Young et al. (1986) .
Catheters and Blood Samples
At the end of the 23-wk semen collection period, indwelling venous catheters were placed in the boars 2 48 h before the collection of blood samples. Before the catheters were inserted, boars were anesthetized with 125 mg of tiletamine and 125 mg of zolazepam (Telazol; A. H. Robins, Richmond, VA). Catheters (medical vinyl tubing size V/5; Bolab, Lake Havasu City, AZ) were placed by passing a 40-cm portion of a 120-cm long piece of tubing through a 3.75-cm hypodermic needle ( 14-gauge) inserted in the lateral or intermediate auricular vein. The end of the catheter was passed through the auricular vein into the jugular vein. Catheters were flushed daily with 3.5% sodium citrate to maintain patency.
To accustom the boars to the sampling procedure, they were handled frequently and blood samples were taken 2 h before the initial bleeding. Blood samples were collected from 1000 to 1700 at 12-min intervals. After the 1600 sample, GnRH (375 ngkg of BW) was injected via the catheter. The catheter was flushed with approximately 3 mL of sodium citrate solution. Each blood sample (4.5 mL) was collected in a tube containing lithium-heparin ( 12 IU/mL). The samples were stored on ice ( 5 2 h ) until centrifugation (20 min, 3,500 x g ) and removal of plasma. Plasma was stored at -20°C until LH, testosterone, and estradiol-176 concentrations were determined by RIA (see Hormone Analysis).
Castration and Measurement of Sperm Production
Within 48 h after the final blood samples were taken, boars were castrated under anesthesia (250 mg of Telazol per boar). After removal of the testes and epididymides, the epididymides were trimmed from the testes and the testes were weighed. The testes were then decapsulated and the parenchymal weights were recorded. From the right testis, samples of parenchymal tissue from the proximal, mid, and distal regions of the testis were removed, weighed (approximately 1-g samples), and frozen for later processing. The vasculature and connective tissue were removed from the epididymis and the epididymis was weighed.
Weekly sperm production was estimated by the enumeration of homogenization-resistant sperm nuclei, as described by Amman and Almquist (1961) . Individual samples of parenchyma were placed in 30 mL of ice-cold, physiological saline that contained . l % Triton X-100. The sample and solution were homogenized (Sorvall Omnimixer; Ivan Sorvall Inc., Newtown, CT) using a 50-mL, stainless-steel cup, submerged in ice-water, for 3 min at a setting of 9 (approximately 15,000 rpm). One milliliter of the homogenized suspension was then immediately removed and mixed with 1.0 mL of Trypan blue stain solution (.4% in .9% saline). Using a hemocytometer, the number of mature spermatid nuclei in the sample was estimated. The total number of spermatids in the sample was divided by the sample weight to estimate the number of sperm per gram of parenchymal tissue. This number was multiplied by the weight of the total parenchymal tissue to estimate total testicular sperm. According t o Swierstra (1968) , the total sperm content of the testes represents 4.37 d of sperm production.
Hormone Analysis
Luteinizing hormone was determined in each plasma sample by subjecting duplicate 300-pL aliquots to a homologous RIA previously described by Niswender et al. (1970) . Purified porcine LH (LER-786-3) was used as reference and as iodinated preparations, and antiporcine LH (No. 566) was used as the first antibody. All samples from an individual boar were processed in a single assay. Intra-and interassay CV were 8.3 and 9.2%, respectively. Assay sensitivity was 43 pg/mL.
Estradiol-17P was analyzed in aliquots of the plasma samples collected from 1400 to 1600. The aliquots from each boar were pooled and 2.63 pL of the pooled plasma samples was diluted to 100 pL with PBS containing .l% gelatin. Plasma samples were extracted twice with 2 mL of diethyl ether. Recovery of [3Hlestradiol-17P was 82% and sample values were corrected for extraction efficiency. Plasma concentrations of estradiol-178 were analyzed by a RIA that used an antiserum (Lilly lot #022367) provided by N. R. Mason (Mason and March, 1975; Cox and Britt, 1982; Cox et al., 1987; Knox, 1992) . All samples were processed in a single assay. The intraassay CV was 4.0% and assay sensitivity was 19.8 pg/mL.
Testosterone was analyzed in aliquots of the plasma samples collected from 1400 to 1600. The aliquots from each boar were pooled and 10 pL of the pooled plasma samples was diluted to 60 pL with PBS containing .l% gelatin. Plasma samples were extracted once with 2 mL of benzene:hexane (1:2 voV vol). Recovery of [3Hltestosterone was 88% and sample values were corrected for extraction efficiency. Plasma concentrations of testosterone were determined by a double-antibody RIA (Grotjan and Steinberger, 1978a ,b) using anti-testosterone GDN #250 (obtained from G. D. Niswender, Colorado State University, Fort Collins) and [3H]testosterone (NET-533; New England Nuclear, Boston, MA). All samples were processed in a single assay. Intraassay CV was 5.9%' and assay sensitivity was .69 pg/mL.
Data Analysis
Baseline concentration of LH (picograms/milliliter) in plasma, frequency of pulses of LH (pulses/6 h ) , and amplitude of pulses of LH (nanograms/milliliter) were determined through the use of algorithms (Pulsar software modified for the IBM-PC by J. respectively. The value of 2.7 was used to discriminate adjacent pulses of LH. All data were analyzed statistically by the GLM procedures of SAS (1985) . A block term (which included littermates, location in the room, and order of daily semen collection) was included along with the dietary treatment as a class variable in the statistical model. Boar was the experimental unit.
Libido (time to ejaculation and total time of ejaculation) and semen characteristic (sperm motility, volume of ejaculate, quantity of gelatinous fraction, sperm concentration, and sperm output) data were analyzed as four separate time periods. The first period (wk 1 to 7 ) was a preliminary period. For sperm output, this preliminary period can be related to the time required for the production of a mature spermatozoon from an A-type spermatogonium and the time required for sperm to pass through the epididymis. This process has been reported to last approximately 39 to 44.5 d (Swierstra, 1968) . The second (wk 8 to 16) and fourth (wk 19 t o 23) periods were separated by a third period (wk 17 and 18) during which time the frequency of semen collection was altered. The means for the two or seven measurements taken each week were calculated and the weekly average was analyzed. To account for the correlation of repeated measures from an individual boar, a multivariate, repeated-measures analysis using the MANOVA statement of the GLM procedures of SAS (1985) was conducted within each of the four different time periods for the overall comparison of treatment means. Data from wk 17 and 18 were analyzed statistically as a factorial arrangement of treatments with the frequency of semen collection included as a class variable.
Results
Two boars fed the control diet were removed from the study. One was removed at wk 14 because of infection brought on by excessive abrasions of warts. A second boar became lame during wk 19. Because a repeated-measures analysis discards all data generated from each experimental unit that has missing values, the statistical analysis for the control treatment includes only nine boars for wk 8 to 16 and wk 17 and 18 and only eight boars for wk 19 to 23. One boar on the low-protein treatment was not included in the libido and semen characteristic data for wk 19 to 23 because by wk 19 it would not mount the semencollection dummy. However, this boar was maintained on its dietary treatment for the remainder of the study and blood and testicular data were obtained.
Throughout the study, boars fed the control diet and low-protein diet consumed an average of 324 and 146 g of CP per day and 16.6 and 6.2 g of lysine per day, respectively (based on a 162.5-kg boar [the weight listed by the NRC, 19881). Boars on both aLeast squares means. b<Mean square errori9.5; 9.5 = average number of boars per treatment.
treatments received 6.82 Mcal/d of ME. However, the apparent digestibility of CP was higher for boars fed the control diet than for boars fed the low-protein diet (78.5 vs 68.2 k 1.4%, respectively; P < .001). The apparent digestibility of GE was lower for boars fed the control diet than for boars fed the low-protein diet (82.6 vs 86.3 f .9%, respectively; P < .Ol).
At the end of the first 18 wk (Table 21 , boars fed the low-protein diet had gained less weight ( 2 1 vs 49 kg), less backfat (-.75 vs 2.03 mm), and less testis volume ( -9 vs 253 mL) than boars fed the control diet ( P 2 .05).
During the first 7 wk (Table 31 , there was a trend for boars fed the low-protein diet to take longer to mount the semen-collection dummy and to produce an ejaculate than boars fed the control diet (389 vs 243 s, respectively; P = .12; Figure l a ) . There were, however, no other treatment effects on boar libido or semen characteristics ( P > .25) during the first 7 wk of the trial.
From wk 8 to 16 (Table 41 , boars fed the lowprotein diet required 94% more time to mount the collection dummy and start ejaculating ( P < .02>, and there was a trend for these boars to have a shorter duration of ejaculation ( P = .14; Figure 1 b) than boars fed the control diet. Semen from boars fed the lowprotein diet had 26% less volume ( P < .01; Figure 2a ). The volume of gelatinous fraction did not differ significantly between treatments ( P < .21; Figure 2b ).
Although there was a trend for sperm concentration of semen from boars fed the low-protein diet to be greater than for semen from boars fed the control diet ( P = .12; Figure 3a) , because of the difference in semen volume, the sperm output was not different between treatments ( P = .18; Figure 3b) .
During wk 17 and 18, boars from which semen was collected daily required less time to start ejaculation, had a shorter duration of ejaculation, less semen volume, less gelatinous fraction, and lower daily sperm output than boars collected two times per week ( Figure 1 . Effect of protein intake on a) time to ejaculation and b) duration of ejaculation. Data from boars that consumed the low-protein diet are represented by the dotted lines and data from boars that consumed the control diet are represented by the solid lines. All boars were fed the control diet until the time indicated by the arrow, at which time they were switched to their respective treatments. The gap in the lines for wk 17 and 18 represents the time during which the effect of semen collection frequency was tested and, therefore, no data are presented. The average pooled SEM over the three time periods (wk 0 through 7, 8 through 16, and 19 through 23) was 36 and 17 s for time to ejaculation and duration of ejaculation, respectively. Similar to the libido and semen characteristic data from wk 8 to 16, more time was required by boars on the low-protein treatment to start ejaculation ( P < .04) and a smaller volume of ejaculate was collected ( P <: .O 1) than by boars on the control treatment from wk 19 to 23 (Table 6 ). During this phase of the study, the duration of ejaculation was 18% greater for boars on the control treatment than for boars on the lowprotein treatment ( P < .09). Figure 2. Effect of protein intake on a) volume of ejaculate and b) volume of gelatinous fraction. Data from boars that consumed the low-protein diet are represented by the dotted lines and data from boars that consumed the control diet are represented by the solid lines. All boars were fed the control diet until the time indicated by the arrow, at which time they were switched to their respective treatments. The gap in the lines for wk 17 and 18 represents the time during which the effect of semen collection frequency was tested and, therefore, no data are presented. The average pooled SEM over the three time periods (wk 0 through 7, 8 through 16, and 19 through 23) was 11.5 and 2.7 mL for volume of ejaculate and volume of gelatinous fraction, re spec tivel y . Throughout the 23-wk study, the number of sperm abnormalities was not affected by treatment or time period ( P > .6); an overall mean of 8.3 k 4.2% of the sperm was abnormal (data not shown). Sperm motility was also similar between treatments (Tables 3 to 6; P > .3).
Volume of ejaculate
Threonine and tyrosine were the only amino acids that were present at lower concentrations ( P I .04) in seminal plasma from boars on the low-protein treatment than in seminal plasma from boars on the control treatment (Table 7) . Alanine, however, was present in greater concentrations in seminal plasma from boars fed the low-protein diet than in seminal plasma from boars fed the control diet ( P < .04). In seminal plasma from boars on both treatments, hypotaurine was the predominant free amino acid (181 pmoV100 mL). Hypotaurine along with glutamic acid (165 pmoVl00 mL), glycine (71 pmoVlOO mL), and taurine (48 pmoV100 mL) accounted for 84% of the total free amino acids in seminal plasma.
Taking into account the difference in semen volume between treatments, boars on the low-protein treatment had 23% less free amino acid output per ejaculate than boars on the control treatment (Table  8 ; P = .11). A large portion of this difference was made up by the difference in hypotaurine output. Boars on the low-protein treatment had a hypotaurine output of 292 pmol per ejaculate compared with 429 pmol per ejaculate for boars on the control treatment ( P = .09).
Other amino acids contributing to the difference between treatments included aspartic acid, threonine, valine, isoleucine, leucine, tyrosine, and lysine ( P I .09).
Of the 18 boars remaining on the study at wk 23, blood samples were collected from 17 (Table 9 ). Blood samples were not collected from one boar on the lowprotein treatment because the catheter became obstructed. Figure 4 Week Figure 3 . Effect of protein intake on a) sperm concentration and b) sperm output. Data from boars that consumed the low-protein diet are represented by the dotted lines and data from boars that consumed the control diet are represented by the solid lines. All boars were fed the control diet until the time indicated by the arrow, at which time they were switched to their respective treatments. The gap in the lines for wk 17 and 18 represents the time during which the effect of semen collection frequency was tested and, therefore, no data are presented. The average pooled SEM over the three time periods (wk 0 through 7, 8 through 16, and 19 through 23) was 25 sperm (x106/mL) and 4.6 sperm (xlOg/ejaculate) for sperm concentration and sperm output, respectively.
INTAKE ON BOARS 2045 profiles of representative boars from both treatments. Baseline LH concentrations, LH pulse frequency, LH pulse amplitude, and testosterone concentration were not affected by protein intake ( P > . 5 ) . The concentration of estradiol-170 was greater for boars fed the control diet than for boars fed the low-protein diet (582 vs 202 pg/mL, respectively; P = .08). After the removal of two outlying points (points that were > 2 SD from treatment means), there was a negative relationship between the estradiol-170 concentration and the time required for the boar to start ejaculating ( r 2 = .72; Figure 5) . Data for this analysis included only the observations for time to ejaculation that occurred during the 3-wk period preceding blood collection. There were no differences in LH response to the exogenous GnRH administration ( P 2 .18).
Testes and epididymes from boars on the lowprotein treatment were lighter than those from boars on the control treatment (Table 10 ). Sperm production estimated from the homogenized testes was not different between treatments ( P = .82).
Discussion
To characterize the effect of protein intake on reproduction, adult boars were fed either a diet that was equivalent to or superior to diets that are currently fed in commercial practice (16% C P ) or a low-protein diet (7% CP). The low-protein diet supplied 2 76% of the NRC (1988) amino acid intake requirements of the adult boar. This level of amino acid intake was expected to be low enough to identify any effects of low protein intake that may be of practical concern. To assure consistency of protein quality, both diets were formulated to contain amino acids from the same sources and to have the same amino acid pattern.
Although there was a difference of 10.3 percentage units in the apparent digestibility of protein between the two diets, these differences were probably due to differences in endogenous protein losses. Because endogenous protein losses would represent a larger proportion of total losses for boars fed the low-protein diet, it is expected that the apparent digestibility of protein would be higher for the control than for the low-protein diet. True digestibility probably was not different.
Because there was a difference of 9.8 percentage units in the level of CP in the two diets, we were concerned that energy digestibility might be different between the treatments. If this occurred, effects of protein intake would be confounded with the digestible energy intake. Therefore, apparent energy digestibilities were determined. The low-protein diet was not lower in the percentage of apparent digestible energy but was slightly higher. The increase in apparent energy digestibility was attributed to the addition of cornstarch to the low-protein diet. The apparent energy digestibility of cornstarch has been reported to be higher than that of corn (97 vs 88%, respectively; Ewan, 1983). Because energy digestibility was not lower in the low-protein diet and both treatments were calculated to supply similar intakes of ME, we are confident that the treatment differences reported were due to differences in protein intake.
Other investigations of the interaction of nutrition and reproduction in the adult boar have considered the first 6 to 8 wk of the study to be a preliminary period (Yen and Yu, 1985; Kemp et al., 1988) . In the present investigation, other than a trend for the boars fed the low-protein diet to take longer to produce an ejaculate, there were no differences in libido or semen characteristics during the first 7 wk of the study.
After the initial 7-wk period, boars with a low protein intake took longer to start ejaculating and remained on the semen-collection dummy for a shorter aArginine, cystine, methionine, and tryptophan were also detected, but the amounts were too small to bLeast squares means. 'n = 8 boars. dn = 10 boars. edMean square erroris, 9 = average number of samples per treatment. .12 aArginine, cystine, methionine, and tryptophan were also detected, but the amounts were too small to 'Least squares means. cn = 8 boars.
quantify. dn = 10 boars.
e @ @ u a r e error/9, 9 = average number of samples per treatment.
time than boars on the control treatment. No differboars that were limited in both energy and protein ences in libido among boars fed various levels of intakes refused to service an artificial vagina. Libido protein have been reported previously (Yen and Yu, is also adversely affected in bulls that are fed low-1985; Kemp et al., 1988) . However, these investigaprotein diets (Meacham et al., 1963) . tions either tested higher levels of protein or did not
In the present study, low protein intake resulted in measure libido. Stevermer et al. (1961) reported that reduced semen volume per ejaculate. Although there ' Mean square error/8.5, 8.5 = average number of boars per treatment.
'&alues are from a pooled sample comprised of all blood samples taken from 1400 to 1600. egoam were administered GnRH (375 n g k g BW) after the 1600 bleeding.
fResponse area = (total area under the curve) -(baseline area under the curve). gTotal area = total area under the curve.
are no previous reports of a relationship between semen volume and low-protein diets in boars, Dutt and Barnhart (1959) and Stevermer et al. (1961) both reported that low levels of feed intake resulted in reduced semen volume. Other investigations of the effects of nutrition on boar reproductive function did not report semen volume (Kemp et al., 1988 (Kemp et al., , 1989 . Some of the differences in semen volume recorded in the present study and in other studies may be explained by differences in growth rates because Cameron (1987) found a positive correlation between BW and semen volume. Although a low protein intake tended to increase the sperm concentration of the ejaculate, this increase was offset by the decrease in semen volume and resulted in a trend for the total sperm output to be lower in boars with low protein intakes. Other investigators have also demonstrated that increasing the amino acid intake of adult boars increases the sperm output (Poppe et al., 1974; Yen and Yu, 1985; Kim and Moon 1990a,b) .
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Co nt ro I The estimate of sperm production by the enumeration of homogenization-resistant sperm nuclei in testicular tissue did not differ between treatments. Therefore, it can be concluded that any difference in sperm output was not a result of a difference in sperm production but was probably caused by differences in the storage and(or) release of sperm from the epididymides.
The lack of differences in sperm motility or abnormalities between treatments is consistent with other investigations in which only protein (Kemp et al., 1988) or both protein and energy intakes were varied (Dutt and Barnhart, 1959; Stevermer et al., 1961; Kemp et al., 1989) .
During wk 17 and 18, the daily semen collections were designed to challenge the boars' semen-producing capabilities. We assumed that this challenge might Time to ejaculation, s Figure 5 . The relationship between blood plasma estradiol-176 concentration and time required for the boar to mount the collection dummy and produce an ejaculate. The coefficient of determination was r2 = .72. Two data points were determined to be outliers (one boar fed the control diet and one boar fed the lowprotein diet; estradiol-170 concentrations were not detectible and .37 ng/mL, and times required to ejaculation were 320 and 445 s, respectively) and were not plotted or used in the calculation of the coefficient of determination. '-@lean square erroris; 9 = average number of boars per treatment.
_____ .__
magnify the effects that low protein feeding might have on boar libido and semen characteristics. However, the low protein intake did not seem to be any more deleterious when semen was collected daily than when it was collected twice a week. These results agree with those reported by Kemp et al. (1988) but are in contrast to the findings of Poppe et al. (1974) , who reported that a higher protein intake was required with a higher collection frequency. Both of these studies, however, investigated supplements of protein or crystalline amino acids to a diet similar to the control diet used in our investigation.
To add to our current understanding of semen composition and to identify specific amino acids that may be limiting in the reproductive tract when protein intake is low, the content of free amino acids in the seminal plasma was measured. With the possible exception of threonine and tyrosine, there was no evidence that any specific amino acid was clearly lower in the semen of boars fed a low-protein diet than in the semen of boars fed a control diet. Our findings were similar to those of Johnson et al. (1972) . Hypotaurine, glutamic acid, glycine, and taurine were the predominant free amino acids in boar seminal plasma. The specific roles of these amino acids in seminal plasma have not been identified. Although the total free amino acid output in seminal plasma was less for boars on the low-protein treatment, this seemed to be due to the difference in semen volume.
In contrast to previous research with rats (Glass et al., 1979; Herbert, 19801 , we found that the blood plasma levels of LH and testosterone were not lower in boars with low protein intakes than in boars on the control treatment. After an exogenous infusion of GnRH, we observed similar concentrations of LH in the blood plasma of boars assigned to the two treatments, indicating similar pituitary responsiveness t o GnRH and(or) similar stores of LH in the pituitary. These data support the findings of Althen et al. (1974) , who reported that pituitary stores of LH were similar in boars fed a 10 and 20% CP diet.
The only hormone that differed between treatments was estradiol-170. Because boars have much higher levels of estrogens in circulation than do males of most other species, several researchers have investigated the role of estrogens in the boar. Joshi and Raeside (1973) and Levis and Ford (1989) demonstrated that estradiol-170 is involved in the maintenance of boar libido. This information helps explain why we observed a correlation between a boar's concentration of estradiol-170 and its time required to mount a semencollection dummy and produce an ejaculate. Joshi and Raeside ( 197 3 1 also demonstrated that estradiol-176 maintained semen volume in castrated boars. Therefore, the lower estradiol-170 levels in boars with low protein intake may contribute to the lower semen volumes.
Implications
Boars fed a diet with a low protein content had low libido and reduced semen volume. Thus, boars fed lowprotein diets will require more time to breed a sow or produce an ejaculate for artificial insemination than boars fed adequate levels of protein.
Literature Cited
